conditions, it may be toxic to cells by inhibition of ironcontaining enzymes or initiation ofDNA single-strand breaks. In contrast to molecular targets of -NO, considerably less is known regarding mechanisms by which cells become resistant to -NO. Metallothionein (MT), the major protein thiol induced in cells exposed to cytokines and bacterial products, is capable of forming iron-dinitrosyl thiolates in vitro. Therefore, we tested the hypothesis that overexpression of MT reduces the sensitivity of NIH 3T3 cells to the -NO donor, S-nitrosoacetylpenicillamine (SNAP), and to -NO released from cells (NIH 3T3-DFG-iNOS) after infection with a retroviral vector expressing human iNOS gene. There was a 4-fold increase in MT in cells transfected with the mouse MT-I gene (NIH 3T3/MT) compared to cells transfected with the promoterfree inverted gene (NIH 3T3/TM). NIH 3T3/MT cells were more resistant than NIH 3T3/TM cells to the cytotoxic effects of SNAP (0.1-1.0 mM) or -NO released from NIH 3T3-DFGiNOS cells. A brief (1 h) exposure to 10 mM SNAP caused DNA single-strand breaks that were 9-fold greater in NIH 3T3/TM compared to NIH 3T3/MT cells. Electron paramagnetic resonance spectroscopy of NIH 3T3 cells revealed a greater peak atg = 2.04 (e.g., iron-dinitrosyl complex) in NIH 3T3/MT than NIH 3T3/TM cells. These data are consistent with a role for cytoplasmic MT in interacting with -NO and reducing -NO-induced cyto-and nuclear toxicity.
In inflammatory states, such as bacterial sepsis, nitric oxide (-NO) may be synthesized in large amounts for prolonged periods of time (1, 2) . When *NO acts as an effector molecule under these conditions, it may be toxic via several mechanisms including inhibition of mitochondrial respiration via the formation of iron-nitrosyl complexes with FeS-containing enzymes (3, 4) and inhibition of DNA synthesis (5, 6) or initiation of DNA strand breaks (7) (8) (9) (10) . In some instances, *NO has been shown to enhance cellular oxidative injury (11) (12) (13) (14) (15) .
In other cases, -NO has been shown to attenuate superoxide anion toxicity (16) (17) (18) (19) . Not all cells are equally susceptible to the toxic effects of -NO and little is known regarding the cellular defense against *NO and its toxic metabolites in either the producing or target cells. We were particularly interested in examining a cytoprotective role for metallothionein (MT) against -NO-induced toxicity. Many of the stimuli reported to increase inducible -NO synthase (iNOS) expression (e.g., interleukin 1, type a tumor necrosis factor, and lipopolysaccharide) are known to increase expression of MT (20) , and we (21) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. and others (22) 48 (n = 1) h, the culture dish was centrifuged (2000 rpm; 700 x g for 15 min; 4°C) and 51Cr was determined in the medium. Total radioactivity (C) released by lysis was measured by incubating separate wells with 5.0% Triton X-100 and spontaneous release was determined in the absence of effector cells (B). For each experimental condition (A), the cytotoxicity index (CI) was determined as CI = (A -B)/(C -B) x 100.
SNAP-Induced DNA Damage. DNA damage was evaluated by the alkaline elution technique (26) as described (21) for high-frequency single-strand breaks (SSBs) after exposure to SNAP (3.5-10 mM; 1 h). In addition, SNAP (0-5.0 mM)-induced DNA SSBs were quantified in isolated nuclei prepared from NIH 3T3 cells preexposed to ZnCl2 (30 ,tM; 24 h) or in isolated nuclei exposed to purified rabbit MT (0.1 mM; Sigma).
Determination of SNAP Stability. NIH 3T3/MT and TM cells were exposed to SNAP (0.3 mM; 6 h) and aliquots of culture medium were mixed with Griess reagent (27) and nitrite production was determined at 546 nm using a Beckman DU-6 spectrophotometer. The amount of SNAP remaining was determined by the method of Saville (28 (27) (Fig. 1) . Exposure of isolated nuclei from NIH 3T3 cells to SNAP resulted in a concentration-dependent increase in DNA SSBs (Fig. 2 ). There were significantly fewer SNAPinduced DNA SSBs in nuclei obtained from ZnCl2-treated cells ( Fig. 2A) . This result is consistent with the presence of MT in and around the nuclei of the Zn-treated cells (Fig. 1D) (27) and not, as in tumor cell targets (32) , in the mitochondrial fraction. In light of the protective effect of cytosolic MT demonstrated above, we thus examined MT-overexpressing cells exposed to -NO by EPR spectroscopy. In preliminary experiments, we confirmed previous observations (33) that exposure of phosphate-buffered saline containing purified rabbit MT and iron with *NO gas produced a paramagnetic product with a g value of 2.04 characteristic of an iron-nitrosyl complex (data not shown). As shown in Fig. 5 was significantly greater than that in NIH 3T3/MT cells (4.7% ± 3.3%; P < 0.02). Addition of L-NMMA reduced NO2 levels from 54 ± 4 to 4 ± 1 tLM and significantly decreased CI in NIH 3T3/TM cells.
DISCUSSION
·NO is an important effector molecule that is produced in relatively large amounts by a variety of cells in conditions of inflammation and immune activation (1) . In contrast to cytotoxic targets of -NO (3, 34) , virtually nothing is known regarding mechanisms by which cells may become resistant to the damaging effects of -NO. Such insight is likely to be critical and may ultimately help clarify current conflicting information in which -NO mediates tissue injury in some cases (11) (12) (13) (14) (15) and is protective in other conditions (16) (17) (18) (19) . In this report, we focused on a cytoprotective role of MT against toxicity of -NO. MT is a 6-to 7-kDa intracellular protein rich in thiols (>30 mol% cysteine) whose expression is increased by many stimuli that also induce -NO synthesis (20) . We found that overexpression of MT protects against SNAP-induced cell killing (Fig. 3) and DNA SSBs (Fig. 4) . The cytoprotective effect of MT was noted after coculture with NIH 3T3-DFG-iNOS cells ( (36) . In addition, sulfur is also a nucleophilic target for nitrosation (37) . The product of this reaction is an S-nitrosothiol (RS-N==O; SNT) and recent data have demonstrated the formation of SNTs resulting from endogenous ·NO synthesis (38, 39) . It is thus possible that one protective effect of MT is to scavenge [NO+] equivalents.tt Indeed, reagent -NO in the presence of 02 causes nitrosation of amines (40) and also DNA base deamination (7, 9) . Perhaps more important biologically, there are also data that -NO production by activated macrophages also induces DNA strand breaks in target cells (8) .
Reaction with 02-. -NO also reacts with 02-to produce peroxynitrite anion (ONOO-) that protonates at physiologically relevant pH (pKa 6.8) to form peroxynitrous acid (ONOOH) (41) (42) (43) (44) . Both ONOO-and ONOOH are highly oxidizing and ONOOH exhibits hydroxyl radical-like activity (44) . Thiols are among the targets of ONOO-and ONOOH (41) and so MT may intercept ONOO-and/or ONOOH.
Reaction with Iron. Reaction of -NO with both nonheme and heme iron has been known for many years (34) and reaction with nonheme iron-containing proteins is an important cellular target for the damaging actions of -NO as an immune effector (3) . In many cases, inhibition of the activity of enzymes containing FeS clusters can explain the metabolic dysfunction in target cells. Important evidence for this conclusion came from the demonstration by EPR spectroscopy of the formation of g = 2.04 intracellular iron-thiol-nitrosyl complexes (45, 46) . As demonstrated in Fig. 5 (46) . Indeed, a recent report has observed S-nitrosation of authentic MT and subsequent disulfide formation of MT in vitro (47) . The increase in the g = 2.04 EPR signal is apparently not due to glutathione-iron-nitrosyl complex, since we have previously shown that these cells have similar amounts of glutathione (21) . Whether the exclusively cytosolic subcellular localization of the g = 2.04 EPR signal (27) in hepatocytes [whose mitochondrial FeS centers are relatively resistant to *NO (31) ] is a MT-iron-dinitrosyl complex is at present unknown. Although the affinity of MT for iron is usually low, in the presence of elevated levels of -NO, a MT-Fe interaction is demonstrable (33) . Therefore, an important correlate of these observations is that the cyto-and nuclear protective effects of MT may be secondary to sequestration of the transition metal, iron.
Whatever the precise mechanism(s) of MT protection, it is particularly noteworthy that we found substantial protection against nuclear damage from MT that is present exclusively in the cytoplasm (21) . We were able to bypass the protective effect of cytoplasmic MT overexpression by exposing isolated nuclei to SNAP and quantifying DNA SSBs. In these experiments (see Results), isolated nuclei from NIH 3T3/MT to NIH 3T3/TM cells were equally sensitive to 3.5 mM SNAP. Thus, we concluded that nuclei from NIH 3T3/MT cells are not intrinsically resistant to SNAP-induced DNA SSBs. We did, however, observe partial protection ( Fig. 2A) of isolated nuclei from ZnCl2-treated cells in which MT was present in the nucleus (Fig. 1D ). In addition, we noted that purified rabbit MT (0.1 mM) protected isolated nuclei against SNAP-induced SSBs (Fig. 2B) , suggesting that if MT is present in the nucleus, it may reduce -NO genotoxicity. There is evidence to suggest ttIn the absence of 02, -NO forms neither nitrosamines nor nitrosothiols (37) as to be expected from the chemistry of the reaction that requires one-electron oxidation: R-SH + -NO -* R-SN=O + H+ + e-.
that protection against hydroxyl radical-induced DNA damage by MT requires close proximity of MT to the nucleus (48) .
The current results extend our previous observation that MT reduces the sensitivity of NIH 3T3 cells to oxidant injury (21) and thus MT can afford protection against both reactive nitrogen and oxygen injury. Since MT expression is upregulated in response to oxidative stress (49) , it seems reasonable to suggest that cells induced to synthesize NO (which as described above can induce oxidative stress) may also increase MT. Accordingly, a potential feedback pathway to limit -NO injury may be present via this particular thiol-containing protein.
